Apolipoprotein J (apoJ)/clusterin is a circulating glycoprotein constitutively expressed by diverse epithelial cells. The protein is induced in injured organs in various disease states, such as Alzheimer's disease, atherosclerosis, myocardial infarction, and multiple forms of acute and chronic renal disease (20, 25) . Proposed functions for apoJ/clusterin include lipid transport, complement defense, regulation of apoptosis, membrane protection, and promotion of cell-cell interactions (25) . ApoJ/ clusterin can bind a large number of macromolecules implicated in disease initiation and progression, including immunoglobulins and complement components. Recently clusterin has been demonstrated to function as a molecular chaperone, preventing denatured protein precipitation through binding to exposed hydrophobic regions and improving high-molecularweight complex solubility (6) .
The structure of apoJ/clusterin has not provided much insight into function. Mammalian apoJ/clusterins are approximately 80-kDa heterodimers (9, 16) consisting of two 40-kDa chains joined by a unique five-disulfide-bond motif (10) . The protein has limited homology to other proteins and lacks clear functional motifs (9) . It does contain three putative amphipathic ␣-helical regions, which could allow it to interact with lipids and hydrophobic regions of other proteins (6) .
We have recently shown that apoJ/clusterin-deficient mice exhibit enhanced inflammatory severity and sequelae in an autoimmune myocarditis model, suggesting that it can serve an anti-inflammatory role under some conditions (14) . Given the marked upregulation of apoJ/clusterin that occurs in diverse tissue injury processes, it is likely that the effects of its absence in different models may reveal a variety of phenotypic features and manifestations. We hypothesized that if apoJ/clusterin played an important role in the management of inflammatory and apoptosis-associated protein complexes, there should be an accumulated effect of the failure to properly manage these proteins over time. Since free plasma protein and macromolecular complexes traffic through the mesangium of the kidney, this structure is particularly at risk for compromise by the absence of apoJ/clusterin. In this study, we demonstrate that the kidneys of apoJ/clusterin-deficient mice developed a progressive glomerulopathy with age, characterized by mesangial expansion and the presence of deposits of immunoglobulins and complement components. These findings implicate a role for apoJ/clusterin in the long-term health of the kidney and suggest that it participates in a biochemical system for mesangial protection.
MATERIALS AND METHODS
Generation of apoJ/clusterin-deficient mice. apoJ/clusterin-deficient mice were generated by standard techniques of homologous recombination using the hypoxanthine phosphoribosyltransferase/thymidine kinase (HPRT/TK) selection method (14, 24) . Both male and female homozygous deficient animals were fertile while young and gave birth to normal-size litters. The mice were main-tained in the Swiss Black outbred background. All animals used in these studies were confirmed to lack apoJ/clusterin by Southern and PCR analysis, as previously described (14) . apoJ/clusterin-deficient mice lacked constitutively expressed, immuno-detectable apoJ/clusterin in serum or liver (14) and failed to exhibit induced expression of apoJ/clusterin in kidneys following acute tubular injury induced by folic acid (data not shown). This lack of induction provides further evidence that the constitutively inactivated apoJ/clusterin gene in these mice is also uninducible. All animal studies were approved by the Institutional Review Boards at the University of Minnesota and Children's Hospital Research Foundation.
Unilateral nephrectomy. Renal hemodynamic filtration load was increased by right unilateral nephrectomy at 3 months of age. Mice were then placed on a 40% protein diet for 3 months, at which time they were sacrificed and kidneys were examined by light, electron, and immunofluorescence microscopy.
Assessment of renal lesions. (i) Light microscopy. The glomerular lesions were scored using a semiquantitative scale, based on the extent of expansion of the mesangium by the hypocellular material. The following scale was used: 0 ϭ normal; 1 ϭ change affecting less than 25% of the glomerulus; 2 ϭ change affecting 25 to 50%; 3 ϭ change affecting 50 to 75%; 4 ϭ changes affecting greater than 75% (see Fig. 1 ).
(ii) Immunofluorescence. Tissues were harvested and snap-frozen in isopentane and liquid nitrogen. The tissues were then sectioned and fixed on glass slides. After three washes in phosphate-buffered saline, primary antibody (1:100) was applied to sections and incubated at room temperature for 1 h. If needed, secondary antibodies were applied and incubated similarly. Polyclonal fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin G (IgG), IgA, IgM, and complement C3 (ICN Biomedicals, Inc., Irvine, Calif.) were used as primary antibodies in all direct immunofluorescence studies. Other primary antibodies used in indirect immunofluorescence studies were a monoclonal rat anti-mouse C1q (Cedarlane Laboratories, Hornby, Ontario, Canada) and goat anti-human C9 that cross-reacted with mouse C9 (ICN Biomedicals). Secondary antibodies used in indirect immunofluorescence studies were fluorescein isothiocyanate-conjugated rabbit anti-goat and goat anti-rat IgG (ICN Biomedicals, Inc.). The glomeruli of three apoJ/clusterin deficient mice and three wild-type or hemizygous mice were stained at each time point. Lesions were quantified on a scale of 1 to 4, based on the intensity of staining, as validated previously (11) .
(iii) Electron microscopy. Kidneys were fixed in glutaraldehyde, rinsed in Cacodylate buffer, sliced into 1-mm slabs, postfixed for 2 h in 1% osmium tetroxide in 0.1 M cacodylate, dehydrated in graded ethanols, and embedded in Electron Microscopy Sciences' Embed 812. Sections 0.5-m thick were cut and stained with Richardson's dye (1% toluidine blue) and evaluated by light microscopy. Areas with glomeruli were selected for fine trimming and thin sectioning. Sections approximately 50-nm thick were cut on a Reichert Ultracut S ultramicrotome and stained with either 50% methanolic uranyl acetate for 25 min and lead citrate for 3 min or methenamine silver (13) . Grids were examined at 80 kV in a JEOL 1200EX electron microscope and photographed on Kodak Estar 4489 film.
Clearance of immune complexes. The clearance of immune complexes was determined by their removal from blood and deposition in kidneys. Immune complexes composed of Oregon Green488-labeled goat IgG and mouse anti-goat IgG were assembled in vitro. Mouse anti-goat IgG (200 l, 1.7 mg/ml; Jackson ImmunoResearch, West Grove, Pa.) was labeled (four to six dye molecules per immuno-FIG. 1. apoJ/clusterin-deficient mice develop glomerulopathy. Representative glomeruli are shown from a single kidney of a 21-month-old mouse to illustrate the range of affected structures and the basis of a glomerular lesion scoring system. The different panels represent scores of 0 to 4, based on the extent of expansion of the mesangium by hypocellular material, where 0 ϭ normal, 1 ϭ change affecting less than 25% of the glomerulus, 2 ϭ change affecting 25 to 50%, 3 ϭ change affecting 50 to 75%, and 4 ϭ changes affecting greater than 75%. Magnification, ϫ400. ) were mixed and allowed to react at 37°C for 30 min. The size of the immune complexes was determined by gel filtration (Sephacryl S-300; PharmaciaAB, Uppsala, Sweden) (data not shown). apoJ/clusterin-deficient (n ϭ 7) and wild-type mice (n ϭ 5) were injected at 5 months of age via the left internal jugular vein with 100 g of the immune complex/30 g body weight. The mice were sacrificed 30 min after immune complex injection, and blood and kidneys were harvested. Serum fluorescence was quantified on a Perkin-Elmer LS-5B luminescence spectrophotometer using 488-and 512-nm excitation and emission, respectively. Kidney immune complex deposits were visualized by direct fluorescence of cryostat sections (5 m) fixed in 95% ethanol for 5 min and mounted in phosphate-buffered saline-glycerol and also by the use of primary rabbit anti-goat antibody followed by Texas Redlabeled goat anti-rabbit antibody.
RESULTS
apoJ/clusterin-deficient mice develop progressive glomerulopathy. Young apoJ/clusterin-deficient mice lacked obvious pathology in the kidney or any other organ when examined by light microscopy. However, mice examined at 21 months of age exhibited a striking glomerulopathy characterized by progressive mesangial expansion and collapse of capillary lumens (Fig.  1) . In contrast, kidneys of hemizygous and wild-type littermates were normal, with only occasional and limited mesangial expansion. Glomerulopathy was not associated with tubulointerstitial disease or vascular lesions. A total of 100 glomeruli in each of nine apoJ/clusterin-deficient mice and six wild-type mice were scored. Mean scores obtained by a single observer for each of the 15 mice are shown in Fig. 2A . Extensive sampling by other blinded observers produced essentially identical results. All apoJ/clusterin-deficient mice developed mesangial lesions, although the extent of involvement varied between mice. There was no gender difference in the frequency or extent of the lesions. Glomerular scores for each mouse are displayed in Fig. 2B . Consistent with the sampling shown in Fig. 1 , each kidney of an apoJ/clusterin-deficient mouse contained differentially affected glomeruli.
Using a series of specific immunodetection reagents, glomeruli of the apoJ/clusterin-deficient mice stained in a mesan- (Fig. 3) . Glomeruli from hemizygous mice had trace staining for IgG and IgA only. Abnormal glomeruli contained MassonTrichrome-positive blue material (Fig. 4) , consistent with collagen deposition, as well as fuchsin-colored inclusions, indicative of immune deposits. In contrast, the glomeruli failed to stain with Congo Red (data not shown), suggesting the absence of amyloid deposits. Surprisingly, no inflammatory infiltrates or regions of necrosis were evident in the glomeruli, regardless of the extent of glomerulopathy.
Electron microscopic examination of the glomeruli of 21-month-old mice (Fig. 5 ) revealed numerous electron-dense mesangial deposits. At higher magnification these structures were revealed to be organized tubulo-fibrillary structures, arranged in parallel arrays, with the average tubular diameter of 80 nm. The glomerular basement membranes were normal and lacked discernible deposits. The combination of electrondense deposits and immunoglobulin staining confirmed that the deposits were immune complexes.
Despite the pronounced glomerular phenotype of apoJ/clusterin-deficient mice, there was no difference in their life span compared with that of wild-type or hemizygote mice. The deficiency of apoJ/clusterin was not associated with development of proteinuria, although an occasional mutant mouse did develop hematuria. Analysis of serum and urine proteins by gel electrophoresis failed to reveal any differences in circulating proteins between apoJ/clusterin-deficient mice and wild-type mice (data not shown).
Development of mesangial lesions.
To identify factors contributing to the formation of the mesangial deposits in old mice, kidneys of young (4 weeks, 6 months) mutant and hemizygous mice were evaluated for histologic abnormality and/or glomerular deposits. No structural changes were detected in the glomeruli at 4 weeks of age by light or electron microscopy, and there was no accumulation of complement C3. However, immunoreactive IgG, IgM, and IgA did accumulate in apoJ/ clusterin-deficient mice but not in wild-type mice (Table 1) .
At 6 months of age, apoJ/clusterin-deficient mice exhibited no changes beyond those detectable at 4 weeks. However, 6-month-old mice that had undergone a unilateral nephrectomy at 3 months of age and were then fed a high-protein diet showed an exacerbated phenotype, as evidenced by mesangial expansion and hypercellularity (data not shown). Unilateral nephrectomy induced the deposition of the complement components C1q and C3 in a mesangial distribution pattern ( Fig. 6 ; Table 1 ). The levels of deposited IgG, IgM, and IgA were not further increased. Only trace staining for IgM was seen in glomeruli from wild-type mice. Electron micrographs demonstrated normal glomerular basement membranes but two kinds of deposits in the mesangium (Fig. 7) : large lucent deposits intimately associated with mesangial cells, and electron-dense deposits in the mesangial matrix or beneath the perimesangial basement membrane. At high power, minimal fibrillar organization was evident.
Immune complex trafficking. To test the ability of apoJ/ clusterin to affect immune complex trafficking in the glomerulus, we administered in vitro-labeled and -assembled immune complexes intravenously. At 30 min following injection, similar levels of the immune complexes were detected in plasma (wild type, 147 Ϯ 80, versus apoJ/clusterin-deficient, 114 Ϯ 105 fluorescent units), suggesting that apoJ/clusterin does not play a large role in clearance of immune complexes from plasma at that time point. However, in the glomerulus, immune complexes accumulated in a mesangial distribution pattern only in apoJ/clusterin-deficient animals (Fig. 8) .
DISCUSSION
We have shown here that apoJ/clusterin prevents a progressive glomerulopathy of aging in mice. apoJ/clusterin-deficient mice develop a pronounced mesangial expansion with the accumulation of electron-dense material in the matrix, which becomes highly organized into tubulo-fibrillary structures. As early as 4 weeks of age, immune material accumulates that includes IgG, IgM, and IgA. By 21 months, C1q, C3, and C9 are also deposited in the mesangium. The aging phenotype of the apoJ/clusterin-deficient mice could be accelerated in 6-month-old mice by unilateral nephrectomy combined with a high-protein diet, which increases trafficking of molecules through the mesangium (4, 23, 27) . The consequent increase in mesangial trafficking led, in particular, to exacerbation of the amount of deposited material in the mesangium compared to results with similarly aged control mice. Intriguingly, in both normal and accelerated kidney aging, immune material deposition occurs without concomitant inflammation or necrosis.
The mesangial deposits associated with apoJ/clusterin deficiency may represent the products of in vivo-formed immune complexes, or they may be plasma immunoglobulins that become trapped by the mesangium as they traffic through the kidney. At this point we lack direct evidence for antigen involvement in deposit accumulation, although it is a formal possibility that the deposits are selectively those of antigenantibody complexes. Our evidence that the mesangial deposits represent immune complexes is that there are multiple immunoglobulin isotypes present and that in late-stage deposits, complement components also are present. In addition, we showed that in vitro-assembled, intravenously injected antigenantibody complexes became localized to the mesangium of 5-month-old apoJ/clusterin-deficient mice but not in wild-type mice to a detectable level. Nonetheless, the temporal dissociation between immunoglobulin and complement deposition suggests that apoJ/clusterin deficiency may cause an initial problem in immunoglobulin management, per se. Moreover, the absence of an elicited inflammatory response or frank and severe kidney disease elicited by the deposits suggests that the complexes are primarily sterile and may be largely devoid of antigen. At this time, the exact origin of the deposits remains uncertain.
A number of factors can influence the inflammatory processing of immune complexes. These include the degree of antigen load, immune complex physicochemical properties, site of deposition, presence of molecules that facilitate or inhibit interactions between the immune complexes, and the relative activation of additional inflammatory pathways, such as through complement. For example, immune complexes isolated from synovial fluid of patients with juvenile rheumatoid arthritis differ in their ability to induce proinflammatory events (7, 8) . The immune complexes in the aging deficient mice most likely form under conditions of low antigen load, which could also be a factor responsible for the lack of observed inflammatory sequelae.
Immune complexes can activate inflammation through Fc receptor-mediated events (19) . Signal transduction from Fc receptors, present on leukocytes and mesangial cells, is initiated by binding of Fc domains of immunoglobulins in immune complexes to the receptors, with their subsequent aggregation IgG  2ϩ  2ϩ  2ϩ  2ϩ  IgM  3ϩ  3ϩ  3ϩ  3ϩ  IgA  1ϩ  1ϩ  1ϩ  2ϩ  C1q  ND  ND  2ϩ  1ϩ  C3  0  0  3ϩ  1ϩ  C9  ND  ND  0 and induction of proinflammatory molecules, leukocyte recruitment, and mesangial cell activation (12, 21) . This Fc receptor pathway is a critical determinant of immune complexmediated glomerular injury, as evidenced by attenuated inflammation both in Fc receptor-deficient mice and by intravenously injected Fc receptor fragments in a number of experimental models of glomerulonephritis (1, 5, 12, 18, 26) . (28). The site of interaction is different than the Fc binding site of C1q and protein A (28) . apoJ/clusterin has been shown to preferentially bind to aggregated compared to monomeric IgG (28) . These results suggest that apoJ/clusterin has multiple potential binding sites through which it may interact and facilitate the clearance of polymeric IgG present in immune complexes.
In addition to its interaction with immunoglobulins, apoJ/ clusterin has been found in conjunction with immune deposits in a number of immune-mediated glomerular diseases, including IgA nephropathy, membranous glomerulonephritis, and lupus nephritis (3, 15) . In most cases apoJ/clusterin colocalizes with components of the membrane attack complex when these components are present with immunoglobulins but not when the membrane attack complex is found in the absence of immunoglobulins, suggesting a direct role for apoJ/clusterin in the processing of immune complexes (3, 15) . apoJ/clusterin has also been localized to the glomerulus in such immune-mediated models of glomerulonephritis as Heymann nephritis and anti-Thy 1 nephritis (2, 29) . In the latter model, upregulation of both clusterin mRNA and protein has been demonstrated in mesangial cells, providing evidence that clusterin can be synthesized by these cells following immune attack (29) . The association of apoJ/clusterin with immune deposits in experimental and human glomerulonephritis suggests it may modulate responses to immune-complex-induced injury. Further support for this view has been provided by Saunders et al. in the isolated rat kidney model of Heymann nephritis, where these investigators demonstrated increased proteinuria, greater deposition of complement components, and greater glomerular injury when these kidneys were perfused with apoJ/clusterindepleted serum (22) .
An association between apoJ/clusterin and immune complex disease is found in patients with systemic lupus erythematosis (SLE). Levels of apoJ/clusterin in serum are lower in patients with SLE than in normal controls or patients with rheumatoid arthritis, osteoarthritis, or Sjogren's syndrome (17) . In this cross-sectional study of lupus patients, serum apoJ/clusterin levels were inversely correlated with disease activity, with the lowest levels observed in those patients with the most active disease. apoJ/clusterin levels were also lower in SLE patients with proteinuria than in those without proteinuria (17) . Based on these findings in SLE patients and the phenotype of apoJ/ clusterin-deficient mice, apoJ/clusterin must be considered as a candidate disease modifier gene that may explain the different susceptibilities and clinical courses in human immune complex-mediated diseases.
Our results support the hypothesis that apoJ/clusterin prevents glomerular immune complex deposition of aging, and they support a role for circulating apoJ/clusterin in the clearance of immune complexes. Furthermore, these findings suggest that clusterin is part of a system that protects the mesangium from the continuous challenge of macromolecules trafficking through it. The phenotype of the apoJ/clusterindeficient mouse may provide a clue as to the other responsibilities of apoJ/clusterin. We hypothesize that apoJ/clusterin is part of a metabolic pathway responsible for the identification and clearance of toxic and/or immunogenic macromolecules that arise during cell injury, death, and immune response processes. Disposal of bioactive material is critical for longevity in the setting of tissue turnover, inflammation, and immune response, particularly with age. This disposal function is necessary for the removal of foreign antigens, damaged endogenous macromolecules, and cellular debris generated during physiologic cell death (apoptosis) or necrosis. Failure to remove such material may contribute to progressive organ dysfunction and increase the severity of autoimmunity.
